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ABSTRACT 

Tho design of an elootroaooustio transducer \vhich ic 

linear and passive, and yet nonreciprocal is described, IJnphc.« 

sis is placod on the design of a particular typo of 6uch a ,Joes, 
ih u*U   k0~*>1    +*,%£t* Lit 

transducer because of its possible use by tho lTa*y i.n »pJw«355R5iag 

-torpedoee-rj This transduoer has a transmitting-directivity 

pattern of the single-main-lobe, or searchlight type, and a rc- 

5pJit-» jobe   type % 
ceiving-directitrity pattern of the -twin lo\>9,  ov PD-i  (ijo^rftng 

Pnvi*»joa-T.n<JliiORtoy^ »ypft»      This type of nonreciprooity in 

achieved by combining two different kinds of oleotroacov.5 tie 

transducer elements into one instrument»      ftie eleraant, must bo 

a condenser or piezoeleotrio crystal assembly, and tho other 

an electromagnetic or electrodynamic transducer,, 

•WÜ —•—-•• —  —• u. --t. ..• ^.•4.i^^i^.A,i.;....,s^.................„ 



mmmmmmmmm 

1.0        .'r- Itteitofl 

'"V; possibility ^f döSi.^in^   .l':ctTo:;<cr.knJor.l syatortt 

tiiti*   arc ii.-i^Hr '>.".•; puualv" but ncnrcc i.ruoul »as  ''irat explained 
1 

by   .. ' . 'c'llliriv        1.6 pointed out thut. so.--« '.y.-os or transducers 

nurnally thou;h+. of »i-. b'-in*-, reciprocal i^rc, in fact, rcci.-rocul 

in    n ;nit.;;'.t" out not ir. phase,.        By suitably connecting both 

tyi-oi of tKos« transducers into a f»ur-t<?n.iinal n» tv;urk, they 

can ha wwlfl to "uid" viach other v. hen power ia  passed through 

thn network in o»o direction, and,to "oppose" ouch other vhan 

pcv/'ir is passed tJirou^h in the opposite dirt-c'.ion.  Urns fom- 

iu%; 'i nortroci^rooai network thut is still lin»;ur und jussive. 
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2,0 Theory 

£<>1       Eleotro-aeohano-aooustical Analogies 

Consistency in the analysis and definitions used here requires 

the use of a single type of electromechanical and electroaooustical 

analogy*      For our purposes, it is most convenient to use the 

analogy: 

el<%otrloal 

voltage 

current 

moohanioal 

force 

velooity 

acoustical 

pressure 

volume current 

202   Reciprocal and Antireciprooal Elements 

A reciprocal element is defined as an electroacoustio trans« 

clucor which is reciprocal in both phase and magnitude, or  one 

whose transfer impedanoes have the same sign.  ?ransduoero of 

the piezoelectric or condenser type aro reciprocal elements„ 

J2~ 
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An ontireciprocal element is an oloctroacoustic trans- 

ducer vhich is rooiprocal In magnitude only» or ono vihose transfer 

impedances have opposite sinne.  Woving-ooil and nugnetostrlotion 

transducers are of this type, 

2.3   Phase Relationships 

A reciprocal olomont is normally an electrostatic device 

and behavas like a cor.densorj  the moohanical force« involved 

uro in phase with the charge "or the voltage« 

An antired prooal element behaves like a -wire in a nag* 

notic field T/hore the noohanioal forces involved are in phase 

with the ourrent or 18CP out of phase with it, depending on 

whether we have the case of a generator or motor«  We can arbi- 

trarily ohoose vhich.case gives us the "in-phase" relationship, 

the important point being only that the two oases differ» 

Consider an electroaooxistic transducer as a four terminal 

network with two eleotrioal terminals and two acoustic terminals 

as shown in Pig, 1« 

li.llllf  • I* 
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I » ourrent  (when V» o) 
B a onf  (opon circuit) 
V» volume current  (whan 1*0) 
P« exoess pressure  (open cirouit) 

Figv\rt» 1 - Bleotroaooustio Transducer as Four->Torminal Network 

The transfer impedance nor» are P/l and B/V#  For a 

reciprocal element, P/l *» E/V»  For an antirooiprocal element, 

P/l *-Ii/V»  For a reciprocal element, the phase between T and I 

may be unknown, but it is af«umod to be the aoao  as the phase be« 

tween E and V»  That let 

if P leads Z by an angle Ö, 

then B leads V by an angle 9» 

.4- 
V 
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For an ontirociprocal element« the phase between P and I is .assumed 

to be 130 degrees different fron the phase between E end V. ' That is, 

if P leads I by an angle 0 

a 
then E leads V by an angle© "T180« 

How eonnoct a reciprocal and an entireoiprooal olonont in 

series as shown in Figure 2« 

t   V-—+ 
n       ill 

E„. >>« 

! 

v<-; 

Z<c Pc 

Figure 2 - Reciprocal and Antireciprooal Elements in Series 

Assume» 

Then: 

Pn leads I  by Oj 

P0 leads I  by 0 2 

Em leads Vn by  Ojf 180 ° 

K leads Vo by 02 

g^ggs*"*8 
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Khan this combination is used as en electroaoous tic projector, the 

sound fields produced at the acoustic facon of the individual ele- 

ments will be Pm and PQ .  Ordinarily Pm and VQ will not be in 

phase, but will diffor by an angle (ö^ • Bjg )«  A vec-tor repre- 

sontation oF  this is shown in Fi£. 3» 

Fig'jra 3 - Phase Relationship Between P and P_ « 

The direction of maximum constructive interference (i.e., the main 

lobo) then vd 11 not coincide with the mechanical axis of the inetrn- 

nont but will be a function of frequency, of angle (Qj,  - 6fc), and 

of the distance between the acoustic centers of the elements.  Call 

thlt direction the acoustic axis,    Seo ?;.&,4. 

iJHÜiillT ' 
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Acoustic ' . i "   /> 
Centers v     i  / 

-ir-v/ave front 

Direction, of 
MecAarucaf Axw 

Figure 4 » 

Direction of 
Acoustic Axl* 

Direction of Vain Lobe of Sound Boon Fron 
Combination of Reciprocal and Antirociorocal 
Transducers Connected in Serioe 

•a 

When the combination is used as a hydrophone» with sound being 

received along the direotion of tho acoustio axis, the sound fields at 

the acoustic faces of the individual elements will again have a phase 

difference of angle (©^ - 9%)*        Nov/, however» P will be leading 

Pm.  Sinoe the phase between Pffl and VB »ust be tho some as the phase 

between P0 and VQ, we oan oonolude that V0 will lead Vn by (6i - ©g)v 
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'jfhus «e have established the following relationshipsc 

Vc 
,\^ leads Vm by (©1 - ©g ) 

^ leads Vm by ©3. + 180° 

E0 leads Vc by 0g 

Therefore* E^ and EQ are 180° out of phase as shown in Figuro 5C 

Ilgure 5 - Phase Relationships .Among V  V  E  and E  . 

Inasmuch as the only Assumptions regarding the magni- 

tudes and signs of Qj and 83 mado here were for purposes of 

illustration and drawing tho vector diagrams, and since no suoh 

assumptions are nocessary to reach our oonolusion, wo have a - 

perfectly general case* 

The only assumption made vrhioh might be open to ques- 

tion is that which makes the phase between P and I and betneon 

__ imriWiMiim'tftiiTrrtlirnnrniitiir»1 i 'i-^.^->- -•..-.-..•• —^.- 
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Band V tho oano regardless of whether the values are open olr» 

cuitj  that is, r.hothor vre work into un infinite load»  In 

practioe wo do not work into infinit« loads,  although infinite 

loads are acsuraod in dafining transfer impedanoee»  In view of 

our exporimontal auooeaa, the assumption seems to bo valid» 

. 2,4  Conditions of Maximum Xonrociprocity 

It has boon shown that for one given direction, the 

aeries combination of two difforent elements will have a »jingle 

min lobe pattern on transmission beoause the two olaraents produce 

"aiding" or "in-phaso* sound fields«  Y/hen receiving from this 

same direction, the two eof*s produced will bo "opposing" or 

"out of phase"*  If the receiving responses of the two elements 

are hovv mads equal in magnitude« they will cancel each other, and 

the total reoeiving response of the combination will be equal to 

zero«,  This will appear as the sharp and deep null in a -Win-lobo 

i— iW pattern»  The trat emitting responses will also be equal in 

magnitude, but they will add up to a total response twiao that of 

either individual elements Under these conditions the maximum 

nonreeiproolty or greatest difference between trsa emitting and re- 

ceiving responses is obtained» 

•9» 
. . ,  . 

ti.itUW 

MftMJiHtdtfi^f".'i;fi it-tSTi J 



"—-•- 

SBBBBE 

2»5 Frequency Limitations 

Two factors will limit the satisfactory operation of 

this instrument to one frequency.  Ordinarily the responses of 

the two elements will be the same for only a few frequencies« 

Maximum nonreciprooity oon possibly be obtained at all thece fre- 

quencies, but the direction of the-acoustic axis will be difforent 

for all, since its deviation from the mechanical axis is a func- 

tion of frequency«  In practice« an instrument can usually be me- 

chanically oriented easily;  therefore the direction of the acoustic 

i^cis is not as important as the fact that it changes with frequency. 

Even if it werft possible to design two difforent elements whoso re- 

sponses were identical ovor a wide froquoncy bond, the limitation to 

one frequency by the shifting acoustic axis would still exist. 

3.0  Construction of Experimental Model 

3.1 Original Model * 

The first model» built to test the nonreoiprocal theory, was 

merely an AX70 and an MS4 mounted in juxtaposition on a single rig 

as shown in Plate 1«  The AX7Q is an X*cut Rochelle Salt crystal 

transducer and a reciprocal element«  The MS4 is a magnetostriction 

,-fo. 
•      -•* ' —- -—'---•' —- ••~~.~ "••...i- -        :.--~.-V    „•   •nlfflSll'llll'lllllllll     ||       hill M 
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transducer and an antireoiprooal element.  They ware connected 

externally in series, 

3.2  Second fodel  (RL-T2A-1) 

After successful tests with the first model, a second model 

was built by removing half of the magnetostriction units from the 

MS4 and replacing them with an assembly of Y-cut Rooholle salt crys- 

tals.  See Plates 2 and 3.  The two elements were again connected 

in series*  This first complete and integrated model was designated 

the RL-T2A-U 

4o0  Test Results 

4ol  Original Mudol Tests 

The individual elements of the original model had equal 

sensitivities at 5701  ko, and it was at this frequency that the 

first successful tests were run«. Figure 6 shows the transmitting 

and receiving directivity patterns with the maxima of one falling 

at the same angle as the minima of the other.  By shunting the AX70 

'.vith a low resistance (2 ohms), its sensitivity was matched with 

that of the MS4 at 25 ko, and the results again wore good. See 

Fig. 7. 

EE 
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4.2 RL-72A-1  Tosts 

The 3L-T2A-1 was testod with satisfactory rosults shewn 

in Fig. 8.  By shunting both oloments with various impedances, 

good nonrociprocity oould be obtained at many different frequencies 

and the direction of the acoustic .axis oould be «lifted relative 

to the nochanicol axis* 

4.3 Parallel Connections 

Connecting the two elements in parallel will also produce 

nonreciprocal results«  However, a parallel connection produces 

a much lower open-eirouit voltage output for the combination than 
* 
a series connection.  Thus the series connection is to be pre- 

ferred over the parallel* 

4.4 Linearity 

Tests revealed the RL-T2A-1 to be linear with power* 

4*5  Determination of Optinun Frequency* 

For a given set of electrical conditions, the i.uttrumont 

will havo one optinun frequency at which it will have maximum 

-r*\ Egg IT*-;* 
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nonrwoiprooity in one given direction*  If a particular optimum 

frequency is dasired, the electrical conditions on» usually bo 

changed so as to obtain the dosired results.  An analysis of 

the individual element freqüonoy responses will indicate the type 

of  eleotrieal chtüige that should be used to shift the optimum fre« 
• • • 

quenoy in a desired direction»  A frequency response run with 

automatic recording equipment V<ill rcnreal the optimum frequency 

as a sharp minimum in t}io instrument's receiving response» - 

4.8  Tattern Reversal 

By reversing the eleotrieal leads on one of the two 

elements» the patterns can bo reversed*  That is, it *ill trans« 

mit a Aid pattern and receive a snar-ehlight pattern« 

4«V  Side Lobes 

The side lobes in the original model were very high« but 

further design and development have roduood them. The  RL-T2A»1 

was an improvement in this direction over the original modal* 

-IS» 
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5.0  Uses and Applications 

Proper design and construction of this 'typo transducer should 

make it ideally applicable to the "Sonar Woke Deetotor"  and the 

"Ultrasonic Impedance System"  of wake-homing torpedoes»  Use of 

this transducer appears feasible in a bridge-type circuit, and 

night oonoeivably avert trouble due to dynanio pressure at high 

torpedo speedso 

j 

6*0  Conclusion 

The teste prove oonolusively that linear» passive« 

nonreoiprooal transducers can bo built for practical purposes for 

operation at a single frequency«  Multiple combinations of differ- 

ent eleaents could be used to produce a wide variety of nonreoip^- 

oal types« 

The theory of operation is, in general, as heretofore 

outlined.  A rigorous analysis of tho phase relationships in the 

fllootro-meohano-acoustioal system remains to be done in detail« 

! 

J  

(si **' "Sonar Vake Detector", Kovul Research Lab,, ftoahington, D. 0. 
Sound Division Report #44«      Secret 

(3) 
"Ultrasonic Impedance System" 0« R. L. Report from 

X   Peun State College.  Sept. 16, 194( 
•       Serial No. ftOrd 7956-110.  Seoret« 
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PLATE. I,   -   AX70  and   MS4  combination 

/ 
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PLATE 2  -   Transducer   RL-T2A-I 
with crystal  unit  removed 
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PLATE  3  - Transducer    RL-T2A-I 
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